The aims of this study were to evaluate the ultimate tensile strength (UTS) and elastic modulus (E) of adhesives, and primer/adhesive mixtures after aging for 6 months in water or oil; and to compare silver uptake patterns under the TEM. A one-step self-etching adhesive (One-up Bond F: OB), two two-step self-etching primers (SE Bond: SE and Protect Bond: CP), and two etch-and-rinse systems (Single Bond: SB and Prime&Bond NT: PB) were used. Bonding and primer solutions of self-etching systems were also mixed (SE+P and CP+P). Most adhesives presented decreased UTS after water-storage. Similar or increased UTS was observed after oil storage. Except for SB, E values did not change after water-storage, but they increased after storage in oil. OB, CP+P and SE+P presented more silver uptake. The effects of water-storage were material-dependent, and significantly affected the mechanical properties and silver uptake patterns of adhesives.
INTRODUCTION
Different bonding approaches, with different numbers of steps and degrees of sensitivity have been used to bond resin-based materials to enamel and dentin. However, simplification of bonding procedures has resulted in increased hydrophilicity and, consequently, in decreased long-term bonding effectiveness 1) . Onebottle self-priming etch-and-rinse systems, as well as single-step self-etching adhesives are more hydrophilic versions of their multiple-step precursors 1) . The incorporation of increasing concentrations of hydrophilic monomers into adhesive systems may compromise bond durability, as hydrophilicity and hydrolytic stability are antagonistic properties 2, 3) . It is well known that the bond strength and quality of dentinal sealing produced by bonding agents decrease with time, in both in vitro and in in vivo conditions [4] [5] [6] . Water sorption within resin-dentin interfaces has been quoted as one of the dominant factors involved in the adhesion degradation 7) . It has been recently reported that increased hydrophilicity of resin blends such as those employed as dental bonding agents resulted in decreased mechanical strength after a relatively short period of water storage 8) . Dentin bond strengths provided by some adhesive systems have been correlated with the mechanical properties of the adhesive resins 9) . Thus, despite adhesion to dental hard tissues is dependent on all structures composing the resin-tooth interface (enamel, dentin, adhesive system and composite resin) 10) , the lack of mechanical and morphological stability of adhesive systems may constitute a determinant factor for the restoration longevity. 11) During application of the self-etching primer adhesive systems to the tooth surface, primer and adhesive solutions mix to some extent, thus, due to increased hydrophilicity, this region of the resin-dentin interface could be more susceptible to degradation of mechanical properties 6, 12) . The aims of this study were: (1) to evaluate the changes in ultimate tensile strength (UTS) and modulus of elasticity (E) of polymerized adhesive resins and two primer/adhesive mixtures after aging in water or mineral oil; (2) to examine, with the use of transmission electron microscopy (TEM) the patterns of silver nitrate tracer penetration in polymerized adhesives after storage in water or mineral oil. The null hypotheses tested were that water-storage for 6 months has no effect in the physical properties and results in no difference in the patterns of silver tracer penetration of the adhesive resins and primer/adhesive mixtures.
MATERIALS AND METHODS

Specimen preparation
Five adhesive systems were used in this study. These systems comprise three different approaches of bonding to dental hard tissues: one single-step self-etching adhesive (One-up Bond F: OB, Tokuyama, Tokyo, Japan); two two-step self-etching primer systems: Clearfil SE Bond (SE, Kuraray Medical Inc. Tokyo, Japan) and an antibacterial fluoride-containing system, Clearfil Protect Bond (CP, Kuraray Medical); and two two-step etch-and-rinse adhesives: a water/ethanolbased (Single Bond: SB, 3M ESPE, St Paul, MN, USA) and an acetone-based filled adhesive (Prime&Bond NT: PB, Dentsply/Caulk, Milford, DE, USA). In addition, two primer/adhesive mixtures were tested. The selfetching primers of Clearfil SE Bond and Clearfil Protect Bond were mixed with their respective hydrophobic bonding agents in a 1:1 volume ratio (SE+P and CP+P). Composition and batch number for each adhesive system have been previously reported 11, 12) . All tested adhesive systems present a certain amount of solvent and water in their composition, which could impair polymerization of specimens. Thus, we tried to eliminate or at least reduce their content in the adhesive solutions of SB, PB, CP and SE primers. No attempt to reduce the presence of solvent in OB was done, since its manufacturer does not recommend airdrying after adhesive application. For solvent elimination, several drops of each adhesive or primer were placed in an adhesive dispenser and the solution mass was recorded on an analytical balance (JEX-200, YMC Co. Ltd., Kyoto, Japan) until reaching equilibrium at room temperature 13) . Solvent evaporation was done in a dark box to prevent early polymerization of the adhesives. Glass pipettes were then used to fill a hollow cylinder of approximately 12 mm height (approximately 5 mm 3 volume) that was cut from micro bore Tygon tubing (TYG-030, Small Parts Inc., Miami Lakes, FL, USA) with an internal diameter of approximately 0.73 mm. A light curing unit (Astralis 5, Ivoclar Vivadent, Schaan, Liechtenstein) with an output of 650 mW/cm 2 was used to polymerize specimens for 120 s. The specimens were carefully removed from the Tygon tubing and the cylindrical adhesive specimens were randomly assigned to each of the following storage conditions (n=10): 24 hours in water, 6 months in water and 6 months in mineral oil.
Specimen testing
At completion of each storage period, specimens were removed from the water or oil and rinsed for 1 minute under running water. Before testing, specimens had their cross-sectional diameters measured with a digital caliper to the nearest 0.01 mm. Test specimens had a diameter of 0.71-0.73 mm and a gauge length of approximately 4 mm was used. Each specimen was fixed to the grips of a universal testing machine (EZ Test, Shimadzu Co., Kyoto, Japan) using a cyanoacrylate adhesive (Zapit, DVA, Corona, CA, USA) 14) . Cross-section diameter and gauge length data were entered in computer software (WinAGS Lite) installed at the testing machine. Specimens were tested in tension at a crosshead speed of 1 mm/min until fracture. Load-displacement data were converted to stress-strain curves. The maximum load sustained during the mechanical test was divided by the original cross-sectional area of specimen to give its apparent ultimate tensile strength. The modulus of elasticity was measured by the steepest slope at the elastic region of the stress-strain curve. All values were expressed in MPa. UTS and E values were statistically analyzed by two-way ANOVA and Tukey test at a pre-set confidence level of 0.05.
Transmission Electron Microscopy
Two additional specimens of each adhesive system were similarly prepared, as previously described. After aging in water or mineral oil, specimens were immersed in a 50 wt% ammoniacal silver nitrate solution used according to the diamine silver impregnation protocol reported by Tay et al. 2) . Resin specimens were placed in the tracer solution in total darkness for 24 hours, rinsed for 1 minute under running water, and immersed in a photodeveloping solution for 8 hours under a fluorescent light to reduce silver ions into metallic silver particles. The silver-impregnated cylinders were cut at the center (transversally) and embedded in epoxy resin for support. Representative 90-nm-thick ultrathin sections were prepared with an ultramicrotome (Sorvall Porter-Blum MT-2B, Newtown, CT, USA) and collected on 100-mesh carbon/formvarcoated copper grids. Without further staining, specimens were observed in a TEM (Philips CM12, Philips, Eindhoven, The Netherlands) operated at 80 kV.
RESULTS
Mechanical properties
Mean UTS and E values are presented in Tables 1 and  2 respectively. For both tested mechanical properties (UTS and E), statistically significant differences were detected for the factors "adhesive" (p<0.0001) and "storage condition" (p<0.0001), and for the interaction between these factors (p<0.0001). Tukey post-hoc test showed significant differences among adhesive systems at the different storage conditions (p<0.05).
The primer/adhesive mixtures SE+P and CP+P presented the lowest UTS values after 24 hours of storage in water (control group), when compared to the other adhesive systems at the same period of time (p<0.05). Except for OB and SE+P, a significant reduction in UTS values was observed for all adhesives after 6 months of water-storage: SB (−26.9%), PB (−38.1%), SE (−20%), CP (−20.9%), CP+P (−24%). After 6 months of storage in oil, no significant change in strength was observed for most of adhesives (p>0.05), except for the primer/adhesive mixtures (SE+P and CP+P) that exhibited a significant increase in UTS values (p<0.05). Likewise, the lowest initial E values were observed for the primer/adhesive mixtures (SE+P and CP+P) in comparison to the other adhesive systems (p<0.05). E values did not change after 6 months of storage in water for all groups, except for SB that exhibited a significant drop in E (p<0.05). After 6 months of storage in oil, all materials became significantly stiffer, presenting increased E values: SB (+22.6%), PB (+21%), SE (+27.4%), CP (+33.5%), OB (+60.9%), SE+P (+83.4%), CP+P (+125.1%).
Transmission Electron Microscopy
Figs. 1 to 7 depict the silver uptake patterns for the different groups. Notable differences in silver tracer penetration were observed among the different adhesives and storage conditions. Fig. 1 depicts the distribution of silver particles in resin cylinders produced with the etch-and-rinse adhesive SB. At 24 hours, a band of spotted silver grains can be observed along the junction between epoxy resin and the adhesive. A diffusion gradient of the diamine silver ions into the resin cylinder can be observed (Fig. 1a) . In a higher magnification, it was observed a preferential silver deposition within the polyalkenoic acid copolymer component of the adhesive (Fig. 1b) 11) . After 6 months of storage in water, the regions that were initially filled with small silver particles became more densely filled with silver deposits, as if part of the tiny and spherical silver grains had coalesced into greater grains (Fig. 1c) . No evident differences from control specimens were observed after storage in oil (Fig. 1d) .
The silver uptake patterns of the self-priming adhesive PB are presented in Fig. 2 . The silver deposits apparently increased in quantity after 6 months of water-storage (Figs. 2a and c) . Figs. 2b and d depict the increase in silver deposition 100 µm away from the surface of the cylinder after aging in water for 6 months. After aging in oil, the silver deposition patterns were similar to those observed for the control specimens (not shown).
A gradient of diffusion was initially observed for SE (Fig. 3a) . Silver deposits were initially more concentrated close to the cylinder surface. After 6 months of water-storage, it seemed that the silver deposits were oriented towards the center of the cylinder (Fig. 3b) . Small silver deposits were also observed for SE specimens aged in mineral oil (Fig. 3c) .
Resin cylinders of CP presented the lowest silver uptake during the experiment with a small increase after 6 months of storage in water (Figs. 4a and b) . Empty spaces within the CP cylinders were observed along the experiment, which could represent spaces left due to the following elution of fluoride ions from the NaF crystals (Fig. 4c) . In general, these spaces were normally observed close to the specimen surface, probably due to the diffusion of water into the adhesive be restricted to this region during the evaluation period. Five hundred (500) µm away from the specimen surface, intact NaF crystals could be observed at high magnification. The primer/adhesive mixtures SE+P and CP+P presented high amounts of silver deposits within the resin cylinders for all storage conditions (Figs. 5 and 6 ). The single-step self-etching adhesive OB presented massive silver deposition along the junction between the epoxy resin and adhesive in all storage conditions. Typical water-trees were observed protruding into the resin cylinder (Fig. 7) . No evident differences were observed between specimens stored in water for 6 months and control specimens (24 hours water-stored specimens).
DISCUSSION
Water sorption within resin-tooth interfaces has been quoted as one of the dominant factors involved in the adhesion degradation 7) . Adhesive systems are largely exposed to dentinal fluids and to a lower extent, to salivary fluids in the oral environment. The present study confirmed that storage in water caused a remarkable reduction in the mechanical properties of most tested adhesives, which was straightly accompanied by an increase in their silver uptake patterns. Conversely, storage of resins in oil (i.e. in absence of water) preserved the mechanical properties of tested adhesives and increased their resistance to silver uptake. Thus, the null hypotheses of the study must be rejected. Results demonstrated that the kinetics of water uptake was material-dependent. At 24-hour storage in water, the bonding agents of Clearfil SE Bond and Clearfil Protect Bond systems, which were much likely the least hydrophilic tested systems in this study, showed one of the lowest concentration of silver uptake; while the mixture of these bonding agents with their correspondent primer solution (SE+P and CP+P) had produced the highest concentration of water/silver uptake (Figs. 1a-7a) . A gradient of diffusion was initially observed for SE (Fig. 3a) . After 6 months of water-storage, it seemed that the silver deposits were oriented towards the center of the cylinder (Fig. 3b) , probably due to the water diffusion into the polymer network. A distinguishable difference in the amount of silver uptake exhibited for the different tested materials was observed after 6 months of water storage (Figs. 1-7) . We speculate that such abrupt increase in water/silver uptake observed in those mixtures, SE+P and CP+P, is greatly related to two factors: 1) the high amount of hydrophilic species in the whole system before adhesives polymerization 7, 15, 16) and 2) the immediate plasticizing effect of water soaking 14, 17, 18) in these adhesive systems, which favors the rapid entrance of more water in the formed polymer 19, 20) . It has been hypothesized that the extent and rate of water uptake into polymer networks are predominantly controlled by two main factors: resin polarity, which is dictated by the concentration of polymer polar sites available to form hydrogen bonds with water 21, 22) ; and network topology, which is related to the cohesive energy density of the polymer network [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Thus, water may diffuse freely through polymers nanoporosities as "unbound" water without any mutual relationship to the polar sites or it may diffuse tightly attached to polar domains via hydrogen bonding. According to the "free volume theory" the unbound water is filling free volume and it is not expected to cause dimensional changes of the polymer 23) ; while the "interaction theory" defends that "bound" water diffusion tends to disrupt the interchain hydrogen bonding, induce swelling 24, 25) and thus causing the reduction of polymer's mechanical properties by altering the mobility of their chain segments 26) . Indeed, both types of diffusion are thought to occur in dental adhesives 8, [27] [28] [29] . In a time-dependent rate, some molecules of water diffuse into free volume of the resin, while others disrupt interchain hydrogen bonds.
Dental adhesives systems are basically composed of hydrophilic monomers (HEMA, BPDM, MDP, and PENTA) that are blended and mixed to relatively less hydrophilic monomers (Bis-GMA and TEGDMA). The presence of hydroxyl, carboxyl and phosphate groups in dental monomers and in the resultant polymers make these materials extremely hydrophilic and more prone to water sorption 30) . The silver uptake patterns of the adhesive systems and primer/adhesive blends observed in the present investigation are in accordance with the sorption and solubility behavior previously reported 12) . Interestingly, it has been also demonstrated that if the access to external water is restricted, for instance, by the presence of a bonded-enamel surrounding the entire restoration, the degradation rate of resin-dentin bonds can be reduced 31) . This observation reinforces the negative role of aqueous solution on the mechanical and morphological integrity of hydrophilic adhesives and, consequently, on the mechanical stability of resindentin bonds comprised of these materials 10) . Water sorption/solubility characteristics of dental resins have been related with their mechanical behavior after a short and middle storage period in water 28, 32) . Apart the hydrophilic nature of different monomers constituting the resin matrix 33) , sensitivity of resin-based materials to water effects also depends on the degree of polymer crosslinking 34) . The mechanical properties of glassy polymethylmethacrylates are to a great extent affected by the cohesive energy density of the polymer network 35) . Polymer cohesion is, in turn, a measurement of the density of crosslinks between polymer chains 36, 37) . Polymer networks with a homogenous packing density (i.e. restricted free volume) tend to exhibit both higher mechanical properties 38) and resistance to absorb water 35) . High cohesive tensile strength is a requisite important for adhesives especially during resin composite curing, because it must be sufficient to contra-balance the stresses generated with the polymerization shrinkage of resin composites. However, if this initial stress is supported, the stiffness of the material would be extremely important to withstand deformations that occur during mastication and thermal changes in the oral environment. Thus, dental adhesives should exhibit high and stable cohesive strength and stiffness. Except for SE+P (which presented the lowest UTS values at 24 hours) and OB, all other groups presented a significant reduction in UTS after 6-month water storage that ranged from 20 to 38% when compared to the values obtained with the 24 h-control specimens. These observations demonstrate a negative impact of water-storage in the tensile strength of the adhesives that are in accordance with previous investigations 8, 10, 18) . Conversely, except for SB, E values were not altered after 6-month water-storage. It has been thought that at the first stage of water diffusion in dental resins, the polymer network is softened by swelling and, consequently, the frictional forces between polymer chains are reduced 26) . Therefore, we speculate that the amount of absorbed water in the tested adhesives was sufficient to immediately disrupt their cohesive tensile strength, but not to cause immediate damage to their stiffness. As if the absorbed molecules of water had been capable to increase the intermacromolecular mobility without increasing the intramacromolecular flexibility.
Nevertheless, it cannot be predicted for how long the elastic modulus of these systems would be kept unaffected. Unaltered mechanical properties have been reported for an adhesive system for up to 6 months of storage in water 18) . However, a decrease in the modulus of elasticity of the same material was observed after 1 year of water-storage 10) . It has been speculated that hydrolytic degradation might have taken place compromising the structure of the polymer matrix 10) . The primer/adhesive mixtures SE+P and CP+P presented the lowest mechanical properties and a notable silver uptake when compared to their respective bonding resins cured with no primer addition, SE and CP (Figs. 3-6 ). These findings are in agreement with previous studies which demonstrated that primer addition inhibited free-radical polymerization 39, 40) and adversely affected mechanical properties 39) . Apart from the effect of the absorbed water on the mechanical disruption of these materials, it is also possible to consider that a phase separation between the hydrophilic components of the primer and the hydrophobic monomers of the bonding agent had created a very heterogeneous polymer network, with different mechanical characteristics that would represent different regions for stress concentration. Accordingly, polymers that are composed of heterogeneous networks are both highly prone to absorb water and mechanically weaker 35) . No significant changes in the mechanical properties of the single-step self-etching adhesive OB and the primer/adhesive mixture SE+P were detected after storage in water for 6 months. However, they presented both UTS and E values that were initially low (with 24 hours of water storage). We cannot predict if the mechanical properties would be maintained if an extended storage period was evaluated. The TEM images of OB revealed massive silver deposition along the junction between the epoxy resin and OB resin (Fig. 7) . The pattern of silver deposition was very similar to the nanoleakage patterns in resin-dentin interfaces produced by this adhesive reported in previous investigations 6, 11, 41) , with water-trees protruding into the resin cylinder. The silver deposits might represent areas within the polymerized resin matrix in which water was incompletely removed, resulting in regions of incomplete polymerization and/ or hydrogel formation, or hydrophilic domains of acidic monomers that are more prone to water sorption 2, 15) . It is important to remember that no attempt to eliminate the solvent was made for this adhesive, as the manufacturer does not recommend air-drying. This fact certainly contributed to the lower initial mechanical properties and increased silver uptake of OB.
Except for the primer/adhesive mixtures SE+P and CP+P, which presented increased UTS values, aging resin cylinders in oil for six months produced no significant changes in the tensile strength. However, E values significantly increased for all materials. These observations support the degrading effects of water storage. The stability of mechanical properties of resin specimens aged in oil has been attributed to the absence of plasticizing effect of oil on the polymers 8, 10) . The higher E values observed after 6 months of immersion in oil may not be a result of improved mechanical properties in this medium, rather, the control values are lower because the specimens may have suffered the immediate effects of water immersion after curing 10) . Even though our study conditions are far removed from real clinical situations, a tendency to decrease the mechanical properties and increase the silver uptake was observed after immersion in water for six months. In real clinical situations, other factors such as enzymatic challenges, pH changes, occlusal load, dentin fluid and saliva could contribute to the physical/ chemical degradation of the bond. Further research is necessary for the development of simplified adhesives with more hydrophobic characteristics after polymerization and able to promote a durable bond to a moist substrate like dentin.
CONCLUSION
A tendency to decrease the mechanical properties and increase the silver uptake of adhesive resins was observed after immersion in water for six months. Unaltered or increased mechanical properties were observed after aging specimens in a non-aqueous storage media.
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